The quantum states in metal clusters bunch into supershells with associated orbitals having shapes resembling those in atoms, giving rise to the concept that selected clusters could mimic the characteristics of atoms and be classified as superatoms. Unlike atoms, the superatom orbitals span over multiple atoms and the filling of orbitals does not usually exhibit Hund's rule seen in atoms. Here, we demonstrate the possibility of enhancing exchange splitting in superatom shells via a composite cluster of a central transition metal and surrounding nearly free electron metal atoms. The transition metal d states hybridize with superatom D states and result in enhanced splitting between the majority and minority sets where the moment and the splitting can be controlled by the nature of the central atom. We demonstrate these findings through studies on TMMg n clusters where TM is a 3d atom. The clusters exhibit Hund's filling, opening the pathway to superatoms with magnetic shells.
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magnetic superatoms | jellium model | superatomic shells T he quantum confinement of electrons in small compact symmetric metal clusters results in electronic shell sequence 1S, 1P, 1D, …, much in the same way as in atoms. This analogy, originally introduced through the electronic states in a "jellium sphere" where the electron gas is confined to a uniform positive background of the size of the cluster, extends beyond this oversimplified model (1) (2) (3) (4) (5) (6) (7) (8) (9) . Numerous first principles electronic structure studies on metal clusters have demonstrated the close grouping of electronic states into shells and have further shown that the shapes of the cluster electronic orbitals resemble those in atoms. Experiments on the reactivity of clusters have provided evidence that clusters and atoms of similar valence shells exhibit analogous chemical patterns. For example, although bulk aluminum is readily oxidized by oxygen, an Al 13 − cluster with filled 1S 2 , 1P 6 , 1D 10 , 2S 2 , 1F 14 , and 2P 6 shells exhibits strong resistance to etching by oxygen typical of inert atoms (5, 10) . Further Al 13 has a large electron affinity of 3.4 eV close to that of a Cl atom (9) . These analogies have prompted the concept that selected stable clusters could mimic the electronic behavior of elemental atoms and be classified as superatoms forming a third dimension of the periodic table (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Because the properties of clusters change with size and composition, the superatoms offer the prospect of serving as the building blocks of nanomaterials with tunable characteristics (16, 18) .
The electronic orbitals in superatoms, although resembling those in real atoms in shape, do spread over multiple atoms. This affects the way in which the electrons fill the shells because of two competing effects. Hund's rule favors high spin states in open shell systems stabilized by exchange coupling, and indeed higher spin multiplicities have been seen in some clusters (22) and even quantum dots spanning several nanometers (23) . However, unlike the case of atoms, small clusters can undergo structural distortion that stabilizes the clusters through Jahn-Teller effect (24) . Generally, the energy gain through Jahn-Teller distortion dominates, and unless the structural distortions are minimized by constraining the shape of the cluster, the filling of the electronic orbitals does not follow Hund's rule of maximizing the spin and result in superatoms with pairs of electrons favoring nonmagnetic character.
Recently we extended the concept of superatoms to magnetic species in which atomic d-state electrons localized on a transition metal site provide the spin magnetic moment, whereas delocalized electrons from the s-valence states of alkali atoms and of the transition metal atom occupy the diffuse superatomic S, P states (18) (19) (20) . This results in species stabilized by filled superatom shells while localized atomic d states breed the magnetic moments.
An important issue is whether magnetic superatoms with intrinsic spin moments originating in superatom shells could be stabilized. Here we demonstrate that exchange splitting in these shells can be enhanced via composite clusters with a transition metal atom at the center. Through first principles electronic structure studies that focus on FeMg n (n ≤ 12) and TMMg 8 (TM ¼ 3d transition metal atoms) clusters, we show that the exchange split atomic d states of TM hybridize with D orbitals of the superatom leading to 1D and 2D superatom orbitals that have large exchange splitting and fill to maximize the total spin as in Hund's first rule in atoms. Unlike the case of atoms, partially filled shells also exhibit a previously undescribed feature. The clusters can open large gaps via a crystal field like splitting of the shells due to the arrangement of ionic cores much in the same way as crystal field splitting of atomic d states through the electric fields of surrounding ions in solids. One can thus open large gaps in partially filled subshells that can enhance chemical stability. We demonstrate these intriguing effects first through investigations on FeMg n clusters to show that an FeMg 8 is a highly stable magnetic superatom with a closed core of 1S 2 , 1P 6 , 1D 10 , and 2S 2 superatom shells and a crystal field split 2D 4 valence state resulting in a magnetic moment of 4.0 μ B and a large gap of 0.64 eV between the highest occupied and lowest unoccupied molecular orbitals (HOMO-LUMO gap). Through subsequent studies on TMMg 8 atoms, we then demonstrate gradual filling of majority D manifold as the TM atom is changed and how the moment and the splitting can be controlled via the choice of TM atom.
Results and Discussion
The valence configuration of a Mg atom is 3s 2 and a Mg 2 is a weakly bound van der Waal molecule. However, bulk magnesium is a metal and earlier studies have shown that, in small clusters, the metallic character rapidly builds as multiple Mg atoms are brought together. The transition to metallic character occurs via the mixing of the p states, which are unfilled in the atom, with the s states. Previous studies on pure Mg n clusters indicate that there is already appreciable p character in the valence distribution for clusters containing as few as five atoms marking the Author contributions: S.N.K. designed research; V.M.M., J.U.R., V.C., and P.S. performed research; A.W.C. analyzed data; and S.N.K. and J.U.R. wrote the paper.
presence of metallic character (25) . The valence configuration of an Fe atom is 3d 6 4s 2 with a spin multiplicity of 5. Theoretical studies indicate that the up and down spin manifolds in the Fe atom are separated by 0.8 eV (26) . We wanted to examine how the valence character and the spin multiplicity evolve as Mg atoms are successively added to a Fe atom. Fig. 1 shows the evolution of the ground-state geometry of FeMg n clusters. The ground-state structures are all compact with a Mg-Mg bond length ranging from 3.09 to 3.45 Å and Fe-Mg bond length varying between 2.56 and 2.85 Å. FeMg 7 , with Mg atoms forming a pentagonal bipyramid, is the smallest cluster to contain an interior Fe atom. Studies where a Fe atom was forced to occupy an exterior site resulted in states that were 0.27 eV higher in energy. The structure of FeMg 8 is quite intriguing. The Mg sites form a square antiprism with an interior Fe atom. FeMg 9 has a Mg atom added to the square face of the biprism FeMg 8 . Finally FeMg 12 is a hexagonal cage of Mg sites with an interior Fe atom.
Because the Mg n clusters become metallic with increasing size, we wanted to probe if FeMg n clusters would exhibit any electronic shell effects. The quantity of interest is the change in binding energy as successive Mg atoms are added, and the progression of the spin magnetic moment. The change in binding was monitored through incremental binding energy, ΔE n , calculated using the equation
Here E(Mg), EðFeMg n−1 Þ, and EðFeMg n Þ are the total energies of a Mg atom, FeMg n−1 cluster, and FeMg n cluster, respectively. ΔE n represents the gain in energy as an Mg atom is added to the preceding size FeMg n−1 . Fig. 2A shows ΔE n as a function of n.
There is a distinct maximum at FeMg 8 . More importantly, there is a sharp drop in ΔE immediately following FeMg 8 . The maxima and a sharp drop are both hallmarks of the enhanced stability and the associated magic character, seen previously in numerous metal clusters including pure Na n clusters (1). We also looked at the change in the HOMO-LUMO gap, again a signature of the enhanced stability in pure Na n clusters. Fig. 2B shows these variations and FeMg 8 also has a large HOMO-LUMO gap reinforcing the magic assignment. Although all these point to the magic character, it does raise an important issue. As the electronic structure of a Fe atom is 3d 6 4s 2 , the addition of 8 Mg atoms creates a valence pool of 24 electrons and, ordinarily, it does not correspond to the electron count for a shell filling within a confined electron gas. The origin of magic character of FeMg 8 , therefore, has to be found elsewhere.
A single Fe atom has a spin multiplicity of 5 with four unpaired d electrons. We therefore examined the variation of the spin magnetic moment as successive Mg atoms were added. Fig. 2C shows the variation of the spin magnetic moment. FeMg 8 has a spin magnetic moment of 4.0 μ B . In fact, the spin magnetic moment of the free Fe atom is maintained up until 9 Mg atoms and then it drops. To examine the resilience of the magnetic state, we Fig. 2D shows the variation of ΔE spin and FeMg 8 has a large spin excitation energy showing that the spin state is fairly robust. The reasons underlying the stability, however, still remained open. Because the Fe atom maintains its spin magnetic moment, one could think that a Fe atom contributes 2 sp electrons to the valence pool. Combined with 16 sp electrons from 8 Mg atoms, one could think of FeMg 8 as a stable cluster with a shell filling at 18 electrons. To verify if this supposition was correct, we proceeded to examine the nature of molecular orbitals. Fig. 3 shows the one electron levels and the electronic orbitals associated with each level for the spin up and down configurations. The pictures show the plots of the electron wave function and can help identify the nature of orbitals. Starting from the lowest state in the majority spin, one notices states of increasing angular momentum. The lowest state is spread out over several atoms and has 1S superorbital character. The first two electrons occupy majority and minority S states. The next two states have 1P character. These are followed by four D orbitals. A Mulliken analysis indicates that these D orbitals have 20% contribution from the Fe site and the remaining from the Mg atoms. The set of D orbitals is followed by a P z orbital and a D orbital of Dz 2 symmetry. These states are followed by the 2S state. The 1S 2 , 1P 6 , 1D 10 , and 2S 2 states of both spins are filled with 20 valence electrons coming from Fe and Mg sites and one is left with 4 of the total of 24 valence electrons. In a homogeneous confined nearly free electron gas (jellium model for a homogeneous cluster), this sequence is followed by a 1F supershell. Here, the presence of Fe site leads to a 2D set of orbitals. Because there are five degenerate D orbitals in a spherical atom, the stability of the species with four majority electrons is intriguing. The answer lies in the shape of the cluster. The Mg cores in FeMg 8 have a square antiprism arrangement as seen in Fig. 1 . As we recently showed, the degeneracy in the P, D… electronic states can be broken by the potential of the ionic cores forming the cluster and can lead to highly stable species at subshell filling (27) .
In the present case, the D states are split into a group of 4 (D xy , D x 2 −y 2 , D xz , and D yz ) and a D z 2 state leading to a stable species with four unpaired electrons shown in a red dotted square in Fig. 3 . To provide further support for the crystal field effects, we distorted the Mg sites to form a regular cubic structure. The pairing of the D orbitals changed into groups of 3 and 2. This is like the splitting of atomic d states into t 2g and e g states in a cubic field in solids. Unlike the crystal field effects in solids, here, the field is generated by the ionic cores and hence is internal to the system. The ability of clusters to acquire stability through suborbital splittings via the internal ionic rearrangements is quite unique and, in this case, results in magnetic species with a spin magnetic moment of 4. in the Mn atom. The transition metal d states hybridize with the superatomicorbital D states resulting in the splitting between the majority and minority sets of the nearly free electron gas supershells. Fig. 4B shows the energy difference between the lowest majority and minority states of the 1S, 1D, 2S, and 2D supershells (exchange splitting) in the TMMg 8 (TM ¼ Sc, Ti, V, Cr, Mn, Fe, Co, and Ni) clusters, and the corresponding exchange splitting in the 3d TM atoms. It can be seen that the splitting in the TM atoms is the driving force for the splitting of the supershells. This demonstrates Hund's rule in the TMMg 8 clusters and further Fig. 3 . One electron energy levels and orbital wavefunction isosurfaces (isoval ¼ 0.01 a:u:) in the FeMg 8 cluster. The majority and minority levels are shown. Continuous lines correspond to the filled levels, whereas the dotted lines correspond to the unfilled states. For each level, the angular momentum of the supershells has been marked. The 2D occupied supershell is highlighted in a red dotted square. The ground-state geometry of the FeMg 8 cluster is also shown. shows how the splitting can be controlled by the nature of the central atom.
Because the splitting between S orbitals is small as seen in Fig. 4B Fig. 4C. Figs. S1 and S2 reinforce our findings showing the one electron energy levels and molecular orbital wavefunctions for the TMMg 8 series, along with the superatom shell configuration for each TMMg 8 species.
Because the Mg atoms are marked by s-and p-valence atomic orbitals while the transition metal atoms have s, p-, and d-atomic orbitals, one may question if the above findings could be rationalized within a localized orbital framework. The tensor surface harmonic (TSH) theory introduced by Stone (28) and later developed by Mingos, Wales, and others (29-31) does provide such a framework that can also be used to study structural rearrangements (32) . Here, we reconsider the case of FeMg 8 . We focus on the electronic shells formed from the s and p orbitals of the Mg atoms. Note that the atomic 3d orbitals centered at the Fe site can be regarded as bystander. The s orbitals centered at the Mg site form 1S, 1P, and 1D orbitals, whereas the radial p z orbitals could be considered as contributing to the 2S orbital. The 2D orbitals hybridize with the 3d orbitals to undergo an exchange splitting that results in the stabilization of the four unpaired electrons. It will be interesting to examine if the TSH framework could be applied to understand the stability and electronic character of other superatoms.
The formation of stable magnetic species does raise the question if such clusters would maintain the magnetic characteristics when assembled to form molecules or bigger clusters, and how do the magnetic moments couple in such aggregates? There are several approaches to make cluster assemblies from superatoms. One could isolate clusters by passivating them with organic ligands (14, 15) , insert them into zeolite cages (33), or deposit them on substrates (34) . Forming assemblies through direct deposition on substrates, however, requires the magnetic features to be maintained through the assembly. Consequently, we examined the evolution of geometry and the magnetic properties as two Mg 8 Fe clusters were brought together starting at large separation. Fig. S3 shows the lowest energy structure of the composite cluster and the next higher magnetic state. The lowest energy structure of the cluster molecule is an antiferromagnetic species where the individual clusters maintain the geometrical arrangement of free clusters. The state is followed by a quintuplet configuration that is 0.18 eV higher in energy. The localized moments on the Fe atoms in the quintuplet have unequal magnitudes. The resulting structures indicate that the superatoms are likely to maintain their identity upon assembly.
The present work offers a strategy to design magnetic motifs in the superatom family via inducing exchange splitting through hybridization of the atomic d states of the Fe atom with the superatomic D states. The hybridization leads to a large exchange splitting of the D-superatom orbitals. The system can be further stabilized by using the electrostatic field of the Mg ions as the crystal field split the D state into a group of 4 and 1 leading to stable Mg 8 Fe species with a large HOMO-LUMO gap. Attempts to make a ðMg 8 FeÞ 2 supermolecule indicate that the individual clusters do retain their shapes and the molecule is marked by a small energy difference between the ferromagnetic and antiferromagnetic states. Our previous work shows that such units have the potential for spin polarized currents through application of small fields (35) . Although the full potential of such applications will form the basis of future work, a preliminary density of states was obtained by broadening the molecular levels by Gaussians of width 0.2 eV (see Fig. S4 ). The majority spin density of states at the Fermi energy is much higher than the minority states in the ferromagnetic state! As the current passes through Mg sites, the lack of spin orbit coupling is likely to enhance spin coherence over longer distances. We hope that the present work combining magnetism and semiconducting features arising from combination of motifs with filled shells will serve as the starting point for further systematic search for such species.
Methods
The theoretical studies were carried out using a linear combination of atomic orbitals molecular orbital approach within a gradient corrected density functional approach (36) (37) (38) (39) . The molecular orbitals are expressed as a linear combination of Gaussian functions centered at the atomic sites. For each cluster size, the ground-state configuration was obtained by starting from several initial configurations and moving the atoms in the direction of forces to minimize the energy. A frequency analysis was carried out to ascertain the stability of the ground state, and various spin configurations were attempted to find the ground state. Details of the theoretical procedures are provided in SI Text.
